Naka-dake (the volcano Aso) where direct measurement on fumaroles was impractical, we 23 estimated that the δD value of the fumarolic H 2 to be -172±16‰ and the outlet temperature to 24 be 868±97°C. The remote temperature sensing using hydrogen isotopes developed in this 25 study is widely applicable to many volcanic systems.
INTRODUCTION

27
The temperature of fumarolic gases provides important information about the 28 magmatic/hydrothermal systems under the volcanoes (e.g. Giberti et al., 1992; Connor et al., 29 1993; Stevenson, 1993; Taran et al., 1995; Ripepe et al., 2002; Botcharnikov et al., 2003) .
30
The temperature often increases prior to eruptions or during shallow intrusions of magma (e.g. 31 Menyailov et al., 1986) . Thus, measurements of fumarole outlet temperature have been 32 carried out extensively to understand magmatic processes and to detect the precursors of 33 eruptions.
34
However, direct measurements on fumaroles are often neither practical nor safe. Remote 35 sensing using infra-red (IR) wavelengths of surface temperatures offers an alternative to direct 36 measurement. This technique has been applied to a variety of volcanoes since the early 1960s 37 (e.g. Fischer et al., 1964; Shimozuru and Kagiyama, 1976; Saito et al., 2005; Harris et al., 
39
Thermometers using IR remote sensing, however, have several problems when applied 40 to the determination of outlet temperatures of active volcanic fumaroles: (1) IR remote 41 sensing determines the average temperature for each pixel. When a fumarole has surface 42 dimensions smaller than the pixel, the measured temperature becomes the average 43 temperature of an area including low temperature ground surrounding the fumarole. As a 44 result, the measured temperature is inaccurate for that of the fumarole; (2) Line-of-sight is 45 necessary for these thermometers, this is difficult when the fumarole is obscured, e.g. by fogs, 46 rocks, and ejecta (volcanic clouds and ash), (3) absorption of the IR radiation by gases emitted from fumaroles (e.g. H 2 O and CO 2 ) gives low accuracy and precision of measured 48 temperatures; (4) non-measurement IR radiation (solar, or ground radiation) can also give low 49 accuracy and precision of the measured temperature. Thus, we developed an alternative 50 method to determine the temperature of distant volcanic fumaroles using geochemical tracers 51 in the volcanic plume.
Because of rapid reactions between fumarolic components at high temperatures, fumarolic gases often attain chemical and isotopic equilibrium close to the outlet (e.g. Ellis, 54 1957; Matsuo, 1961; Giggenbach, 1987; Shinohara et al., 1993; Ohba et al., 1994; Symonds 55 et al., 1994) . In particular, for the hydrogen isotope exchange reaction between H 2 O and H 2 in 56 fumaroles at outlet temperatures greater than 400°C, the calculated isotope temperatures 57 (assuming hydrogen isotope exchange equilibrium between H 2 O and H 2 ; see section 3.3 for 58 the details of the calculation) were close to the actual outlet temperatures (e.g. Bottinga, 1969;  59 Mizutani, 1983; Kiyosu and Okamoto, 1998; Taran et al., 2010 temperature-dependent variation (Richet et al., 1977) , so that the temperature estimation using 83 hydrogen isotopes can be precise.
84
While H 2 is one of the major components in high-temperature fumarolic gases (0.1 to 85 3% by volume (including H 2 O), Symonds et al., 1994 ) , H 2 is depleted in atmosphere, present 86 at concentrations of ca. 0.5 ppm in tropospheric air (Novelli et al., 1999) . Hence, the volcanic 87 plume has an excess of H 2 relative to the troposphere (McGee, 1992; Symonds et al., 1994) . 
96
In this study we determined both the concentrations and D/H ratios of H 2 in volcanic 97 plumes emitted from fumarolic areas in active volcanoes in Japan, together with those from 98 high-temperature fumaroles wherefrom the plumes are derived, to verify that:
99
(1) H 2 from high-temperature fumaroles attain isotope exchange equilibrium with 100 co-existing fumarolic H 2 O, and,
101
(2) the D/H ratios of fumarolic H 2 are "frozen" in the plume, and, that we can deduce 102 them from those in volcanic plume. pre-existent, and in older literature named "KX", "KO", and "KH", respectively. (e.g.
143 Mizutani et al., 1986) . Field D on the other hand is a group of new vents (named a, b, c, d and 144 e) that were opened by the phreatic eruption of 1995.
145
Temporal variations were observed in the chemical and isotopic compositions of the 146 fumarolic gases in Field C (the KH field) between 1959 and 1984 and were attributed to the 147 increase in the mixing ratios of meteoric water with magmatic gases (Mizutani et al., 1986) . (Matsubaya et al., 1978; Hedenquist and Aoki, 1991) .
162
All the samples for analyzing fumarolic gases from the E-san volcano were taken at one 163 of the active fumaroles in the X field. The plume samples were taken around the fumarole.
164
Aso volcano
165
The Aso volcano is a volcanic caldera located in the central part of Kyushu Island,
166
Japan (see Fig. 1 ). It was formed during the major explosive eruptions between 300 KY BP 167 and 90 KY BP. A group of 17 central cones formed in the middle of the caldera, one of which,
168
Mt. Naka-dake, is one of the most active volcanoes in Japan. It was the location of Japan's 169 first documented historical eruption in 553 AD.
170
The active crater located in the Mt. Naka-dake, named as the Crater 1 of Mt. Naka-dake,
171
is about 400 m in diameter, (see Fig. 2 ). The active fumarolic area is located at the bottom of 172 the Crater 1, about 80 m below the crater edge, (see Fig. 2 ). Neither direct sampling of 173 fumarolic gases nor direct measurements of fumarolic temperature were practical in this deep 174 crater. In this study, the samples of volcanic plume were taken at the points A to F (see Figure The samples were taken at Tarumae on 
199
Additional to the description above, samples of fumarolic gases were introduced into 200 pre-evacuated 140 mL glass bottles containing 10 mL of 5 mol/L NaOH solution (ultra pure 201 grade) (Giggenbach and Goguel, 1989 
210
The samples of each volcanic plume were taken into pre-evacuated 300 mL glass bottles 211 with two stopcocks (sealed by o-rings made of Viton) at both ends. These were filled to 212 atmospheric pressure (Tsunogai et al., 2003) . Samples were taken by moving away from each 213 targeted fumarole, along the line of the plume. Approximate distances to each targeted 214 fumarole for each sampling point are shown in Table 2 . We also took samples of background 215 air at each site, at a point distant from the fumarolic area and if possible upwind (Table 2 ).
216
The wind speed during sampling was always less than 2 m/s.
218
Analysis
219
Concentrations and D/H ratios of H 2 were determined using the CF-IRMS system at 220
Hokkaido University (e.g. Tsunogai et al., 2002; Ishimura et al., 2004; Kawagucci et al., 221 2005; Komatsu et al., 2005; Komatsu et al., 2008; Hirota et al., 2010 (Tsunogai et al., 2002 (Tsunogai et al., 2002) .
242
Following provisional IUPAC recommendations (Coplen, 2008) values of H 2 in the working-standard gas mixture were precisely calibrated by using 254 commercial standards of pure H 2 . By using the peak area ratios of m/z 2 vs. 3, we calculated 255 the δ value between the sample and the running standard during sample analysis. For 256 normalization to the international standard, the following relation was applied:
258 where δ rs-std is the δD value for the running standard against the international standard, which 259 was determined from the measurement of the working-standard gas mixture that contains H 2 260 of known δD compositions (δ ws-std ) via the following calculation:
The concentration of H 2 in a sample was calculated by comparing each H 2 peak area 263 with that of the working standard gas mixture. The error of the determined concentrations was 264 estimated to be <3%. An analytical precision of 4‰ for δD was achieved for samples 265 containing as little as 5 nmol H 2 within the one hour required for a single sample analysis.
266
Total analytical blank associated with the method was estimated to be ca. 50 pmol for H 2 267 having the δD value of +1300‰ using the method described in Gelwicks and Hayes (1990) .
268
These were subtracted from the final concentrations and δD values of H 2 .
269
The stable hydrogen isotopic compositions of H 2 O (δD(H 2 O)) were determined using 270 the same CF-IRMS system in Hokkaido University, after converting 0.5 µl of sample H 2 O to 271 H 2 using chromium at 880°C under vacuum condition (Itai and Kusakabe, 2004 
289
(δD H2O +1)/(δD H2 +1)). In this study, AET D less than 1,000 °C is estimated from α H2O-H2 using 
298
The chemical and isotopic compositions of the fumarolic gases are presented in Table 1 Table   319 2) are not unreasonable for those of fumarolic discharges from these volcanoes. The δD(H 2 O) 320 values imply that local meteoric water also contributed to fumarolic H 2 O, especially at Kuju.
321
The mixing ratios, however, were always less than 50 %. That is to say, the major portion of 322 fumarolic H 2 O was magmatic in these fumaroles.
323
The δD(H 2 ) values in Table 2 were reasonable for those of high-temperature fumarolic 324 discharges. Past studies show that the H 2 in fumarolic discharges re-equilibrated with 325 coexisting fumarolic H 2 O at outlet temperature greater than 400°C (e.g. Bottinga, 1969;  326 Mizutani, 1983) . The observed outlet temperatures are presented in 5) were always less than +500‰ per ppm -1 so that the differences were less than 0.05‰.
429
As a result, we disregarded this difference and used 0 for the 1/H 2 value of the H 2 -enriched 430 end-members.
431
The estimated δD values of Tarumae, Kuju, and E-san corresponded to those in each 432 fumarolic H 2 within the error of the fitting (Fig. 5) 
445
However, as shown above, each end-member δD value estimated from the plume H 2 446 corresponded to those of the targeted fumarole (Fig. 5) . Furthermore, all the plume samples 447 showed good linear correlation on the mixing line (Fig. 5) . As a result, contribution of 448 fumarolic H 2 from the nearby low temperature fumaroles seems to be minimal. This is 449 especially true at Kuju and E-san, probably because of the depletion of H 2 in the low 450 temperature fumaroles (e.g. Giggenbach, 1987; Symonds et al., 1994; Taran et al., 1995 volcanic plume determined by using a portable multi-sensor system (Shinohara, 2005) .
499
Although the equilibrium temperatures could be higher than the outlet to some extent (e.g. 500 Symonds et al., 1994) , both the presence of the red glow only 5 months before and the 501 equilibrium temperatures close to the AET D suggest that the calculated AET D was a 502 reasonable estimate of the fumarole outlet temperatures.
503
The azimuthal resolution of the IR thermometer of JMA is 1°, and this corresponds to a 504 spatial resolution of more than 1 m at their measurements at the distance of ca. 200 m from 505 the fumarolic area. The dimension of each fumarole at the surface must be much less than 1 m 506 (Furukawa, 2010) , so that the lower spatial resolution as compared to the dimension of each 507 fumarole is likely to be responsible for the lower temperatures in the IR thermometer 508 measurements of JMA. This hypothesis is also supported by the observation on the fumarolic 509 area using a high resolution IR thermometer having ca. two order of magnitude better 510 resolution than that of JMA instrument (Saito et al., 2005 
559
In the case of low temperature fumaroles, the concentrations of fumarolic H 2 are small 560 in general (e.g. Giggenbach, 1987; Symonds et al., 1994; Taran et al., 1995) . As a result, the 561 estimation on fumarolic δD(H 2 ) from H 2 in the volcanic plume might be difficult for them 562 because of the small H 2 enrichment in the plume. However, even if the plume is too depleted 563 in H 2 at the point where it is safe enough to sample by hand, recent advances in remote sampling tools such as manned aerial vehicles (e.g. Fiske and Sigurdsson, 1982; Shinohara et 565 al., 2003; Wardell et al., 2004) , unmanned aerial vehicles (e.g. Saiki and Ohba, 2010) , 566
balloons (e.g. Belousov and Belousova, 2004) , and robots (e.g. Muscato et al., 2003) could be 567 utilized to take more concentrated samples in places where people cannot safely go.
568
In the case of high temperature fumaroles, care must be taken when the variation in δD 569 values under the isotope exchange equilibrium becomes relatively insensitive to temperature 570 variation, especially for those having temperatures exceed 1,000 °C (Fig. 3) . That is to say, 584 Giggenbach, 1987; Symonds et al., 1994; Taran et al., 1995) . As a result, precise estimation 585 of fumarolic δD(H 2 ) from H 2 in the volcanic plume might be possible.
586
In addition to the problem of insensitivity to temperature variation in the high 587 temperature region, care must be taken because no reliable fractionation factors are available 588 at temperatures greater than 1,300 °C (Richet et al., 1977 Bottinga, 1969; Mizutani, 1983; Giggenbach, 1992; Taran et al., 1995;  614 Kiyosu and Okamoto, 1998; Goff and McMurtry, 2000; Taran et al., 2010 Taylor et al., 1983; Kusakabe et al., 1999 
644
This is especially true when the measurements on the plume are being done at a distance from 645 the fumarolic area (Symonds et al., 1994) . As a result, the estimate of equilibrium 646 temperature comes with significant errors (e.g. ±150 to ±200°C; Mori and Notsu (2008) ).
647
Furthermore, the equilibrium temperature is the temperature at depth -potentially somewhat 648
higher than that at the outlet (e.g. Symonds et al., 1994 the field work at volcanoes, applying some portable sensors (Shinohara et al., 2010) . 
703
(1) The δD values of fumarolic H 2 reported for the same Field A in Mizutani (1983) 704 showed significant deviation from those that we determined in this study (2010) . 
707
203°C in this study; Mizutani et al., 1986; Amita and Ohsawa, 2003) , it is difficult to 708 attribute such significant variation in the δD values of fumarolic H 2 between Mizutani
709
(1983) and this study to temporal variation in the fumarolic H 2 .
710
The most important difference between Mizutani (1983) 
735
(3) Because the δD(CH 4 ) value is much higher than δD(H 2 ) value under the hydrogen 736 isotope exchange equilibrium (Richet et al., 1977) 
748
The problems on the CH 4 contamination could also have impacted some past δD(H 2 ) 749 data of low temperature fumaroles (< 400°C), such as those in the Showashinzan volcano.
750
The AET D in the 200-400°C fumaroles correspond to the outlet in most of the volcanoes, 751 except the Showashinzan volcano (see Fig. 4 ). While the δD(H 2 ) data included fumaroles
752
showing outlet temperatures less than 400°C (Mizutani, 1983) , data on the CH 4 /H 2 ratio were 753 from those of more than 500°C in the volcano (Mizutani and Sugiura, 1982 Relationships between the apparent equilibrium temperature assuming hydrogen isotope exchange equilibrium between H 2 O and H 2 (AET D ) and the value of 1000ln{(δD H2 +1)/(δD H2O +1)}, estimated from the fractionation factors in Richet et al. (1977) .
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